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TRAPPING AND DIFFUSION MECHANISM I N  A L U M I N U M  ALLOYS. 
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We have  s t u d i e d  A l ( C u ) ,  Al(Mg) and A l ( A g )  
a l l o y s .  t o  d e t e r m i n e  t h e  p +  t r a p p i n g  s i t e s ,  and 
how i m p u r i t y  d i s t o r t i o n s  a f f e c t  t h e s e  s i t e s .  Cu 
(monova len t )  c o n t r a c t s  t h e  A 1  l a t t i c e ,  Mg 
( d i v a l e n t )  expands it, and A g  (monova len t )  h a s  
a l m o s t  no e f f e c t .  F i t t i n g  t o  a t w o - s t a t e  modal 
w e  c lbtained a t e m p e r a t u r e  exponen t  13 of c).!33(26 
for- z e r o  f i e l d  and l.lC(14) f o r  a l o n g i t u d i n a l  
f i e l d ,  where 13 = 1 i m p l i e s  a one-phonon i n d u c e d  
d i f f u s i o n  p r o c e s s .  The measured second moment. 
i n  A l ( 1 4 g )  i n d i c a t e s  a c h a n g i n g  t r a p p i n g  s i t e ,  
which was conf  irrned by z e r o  and l o n g i t u d i n a l  
f i e l d  s t u d i e s .  Comparing t h e  Al(Mg) r e s u l t s  
w i t h  earlier Al(Cu) d a t a ,  two t y p e s  of s i t e s  c a n  
b e  i d e n t i f i e d :  t h o s e  which a re  d i s t a n t  from t h e  
d e f e c t  and depend on the magni tude  b u t  n o t  t h e  
s i g n  of the d e f o r m a t i o n ,  and t h o s e  close t 6  blg. 
A g  produces  no l a t t i c e  d i s t o r t i o n ,  and  i t s  
weaker  d e p o l a r i z a t i o n  s u g g e s t s  a d i f f e r e n t  ; 
t r a p p i n g  mechanism. 
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We have  used  l o n g i t u d i n a l  and z e r o  f i e l d  JJSR t e c h n i -  
ques t o  s t u d y  muon mot ion  and t r a p p i n g  s i t e s  for a r a n g e  
of a l l o y i n g  i m p u r i t i e s  i n  aluminum. These i m p u r i t i e s  were 
chosen  for t h e i r  d i f f e r i n g  l a t t i c e  p e r t u r b a t i o n s .  Cu con-  
t r a c t s  t h e  A 1  l a t t i c e ,  Mg expands it, w h i l e  A g  h a s  l i t t l e  
e f f e c t  / l / .  On the o t h e r  hand Cu and Ag are monovalent  
and  t h e r e f o r e  a re  e x p e c t e d  t o  p roduce  d e e p e r  muon t r a p s  i n  
A 1  t h a n  d o e s  Mg which i s  d i v a l e n t  /Z/. Our r e s u l t s  add t o  
t h o s e  of Kehr e t  a l .  / 3 /  who have  made an  e x t e n s i v e  
s t u d y  of a v a r i e t y  of A 1  a l l o y s  i n  t r a n s v e r s e  magnetic, 
f i e l d s .  
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Ex pe r i m e  n t 

The samples  were Al(Cu420ppm), Al(MglOOOpprn), and A l -  
(-Ag1000ppm) which w e  u sed  for t iyansverse  f i e l d  measure-  
ments i n  a p r e v i o u s  s t u d y  / 4 / .  Each sample w a s  made of 3 
separate  p l a t e s  f o r  a t o t a l  t h i c k n e s s  of 9 m m .  These 
measurements  were t a k e n  ove r  a t e m p e r a t u r e  r a n g e  from 4.9K 
t o  300K. These e x p e r i m e n t s  w e r e  c a r r i e d  o u t  a t  t h e  
s t o p p i n g  muon beam a t  Brookhaven N a t i o n a l  L a b o r a t o r y .  

R e s u l t s  

F i g .  1 shows t h e  z e r o  and l o n g i t u d i n a l  f i e l d  r e s u l t  
f ~ r  A l ( C u ) .  
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F i g .  1 .  Zero f i e l d  and l o n g i t u d i n a l  f i e l d  muon p o l a r -  
i z a t i o n  as a f u n c t i o n  of t i m e  i n  Al(Cu 420 ppm). 



S i n c e  t h e  p o l a r i z a t i o n  d e c r e a s e s  m o n o t o n i c a l l y  f o r  all 
t h e s e  curves ( w i t h  t h e  p o s s i b l e  e x c e p t i o n  of 22K)  o n e  
c o n c l u d e s  t h a t  t h e  muon i s  n o t  " s t a t i o n a r y  f o r  t h i s  
t e m p e r a t u r e  r a n g e .  We o b t a i n e d '  s econd  moments and  
t r a p p i n g  and e s c a p e  rates from t h e  a p p l i c a t i o n  of tlie two 
s t a t e  model / 5 / .  T h i s  i s  t h e  f i r s t  t i m e  t o  o u r  knowledge 
t h a t  t h e  two s t a t e  model h a s  been  a p p l i e d  t o  l o n g i t u d i n a l  
f i e l d  d a t a ,  and t h e  agreement  w i t h  t h e  z e r o  f i e l d  r e s u l t s  
i s  g r a t i f y i n g .  The t r a p p i n g  r a t e s  were f i t  t o  E = T?oTo,  
y i e l d i n g  13 = O.Y3(26) f o r  z e r o  f i e l d  and l.lE(14) f o r  
l o n g i t u d i n a l  f i e l d  ( F i g .  2 ) .  t 
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F i g .  2 .  T h e . t r a p p i n g  ( v ) and e s c a p e  ( E ) ra tes  de te rmined  
i n  :zero f i e l d  and l o n g i t u d i n a l  f i e l d s  as  a f u n c t i o n  of 
t e m p e r a t u r e  f o r  A 1  ( C u )  . 

These are c o n s i s t e n t  w i t h  13 = 1 e x p e c t e d  f o r  'a one-pho- 
1-1',711 i nduced  hopp ing  process.  Kehr e t  a l .  / 3 /  have  se .zn  
s i n i i l a r  low t e m p e r a t u r e  b e h a v i o r  f o r  A l ( M n ) .  From t h e  
change  i n  t h e  d e p o l a r i z a t i o n  parameter A 2 t h e  d x i s t e n c e  
of more t h a n  one  t y p e  of  t r a p p i n g  s i t e  i s  e v i d e n t .  Be-  
t x e e n  4 . 9 K  and  14K a t e t r a h e d r a l  s i t e  w i t h  10% n e a r e s t  
n e i g h b o r  r e l a x a t i o n  i s  c o n s i s t e n t  w i t h  t h e  v a l u e  of A Z  
o b t a i n e d .  T h i s  10% r e l a x a t i o n  a l s o  y i e l d s  t h e  vrJlums 
e x p a n s i o n  c i t e d  by Kehr e t  a l .  /3/  f o r  H i n  A l .  Above 20 
K t h e  measured -Az is  t o o  la rge  for t h e  e x p e c t e d  s i t e s .  - 
f.luons h a v i n g  a coppe r  n e a r e s t  n e i g h b o r  would n o t  exp la . in  
t h e  r e s u l t  s i n c e  t he  coppe r  moment i s  less t h a n  t h e  
aluminum moment. The i n c r e a s e d  62 c o u l d  b e  e x p l a i n e d  i f  
t h e  l a t t i c e  i s  l o c a l l y  c o n t r a c t e d  n e a r  t h e  muon. Copper 
i s  known t o  c o n t r a c t  t h e  aluminum l a t t i c e .  

For  A l ( M g )  w e  o b t a i n e d  the t r a n s v e r s e  f i e l d  r e s u l t s  ! 
shown i n  F i g .  3, and t he  zero and l o n g i t u d i n a l  f i e l d  
r e s u l t s  i n  F i g . 4 .  For 10 K ,  8 2  K ,  and 180 K t h e  muon i s  
s t a t i o n a r y  w h i l e  a t  53K t h e r e  i s  mot ion .  We have  o b t a i n e d  # 



tlie transverse depolarization parameter A x  and the 
activation energies for escape from sites for the various 
temperature regions. Between 10 and 60K A x  = 0 . 3 1 7 ( 7 )  
us- 1 in approximate agreement with a tetrahedral site 
assignment, if it is taken into account that the 15mT 
field is not sufficient to completely decouple tlie 
electric quadrupole interaction. The activation energy 
here is 2 0 ( 1 )  meV. For zero field at 10K A z  is about . 3 7  
us-1  which agrees with the calculated value of 0.369 JJS-1 
for T site occupancy. At 80 K we observe 62 = .25 ys -1  
which is consistent with octahedral site occupation 
assuming a near neighbor lattice dilation of order 
13X. It should be noted that the transverse field results 
show an additional plateau around 180K with A X  = 0 . 1 5 0 ( 1 3 )  
p s - 1  which may correspond to a deeper trap. The longitu- 
dinal field data at 180.K demonstrate that the peak seen 
i n  t he  transverse field data at the same temperature 
ccjrresponds to a stationary muon in a site with second 
moment very similar to that f o r  an octahedral site. A- 
bove 200 It motional narrowing is observed for which an 
activation energy of Y5(34) meV is obtained. 
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F i g .  3. Transverse depolarization rate A as a function of 
temperature f o r  A1 (Mg) and A 1  (Ag) . 

The transverse data f o r  Al(Ag) are a l s o  shown in 
Fig. 3. For low temperatures the transverse and z e r o  
field results are consistent with octahedral site trap- 
ping. At 17 K there is recovery in the z e r o  field 
data indicating a lack of detrapping. 
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Conclusions 

We have demonstrated that the longitudinal field 
technique can 'yield reliable and consistent trapping 
rates. Using this technique in conjunction with the zero 
field technique one obtains the muon trapping rate v e r s u s  
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Fig. 4. In the upper left a r e  theoretical depolarization 
curves for longitudinal and zero fields for various values 
of A .  The other curves are experimental results for zero 
field (10 K, 53 K) and longitudinal field (10 K ,  e 2  K ,  180 
K) in Al(Mg)., and for zero field (17 K, 48 K) in Al(Ag). 
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T .  The o b s e r v a t i o n  of a l i n e a r  T dependence f o r  t h i s  r a t e  
i n  A l ( C u )  adds  e v i d e n c e  f o r  t h e  c o n c l u s i o n  t h a t  one-phonon 
a s s i s t e d  hopp ing  i s  t h e  u s u a l  d i f f u s i o n  mechanism a t  
t e m p e r a t u r e s  of o r d e r  10 K .  Cur obse rved  d e p o l a r i z a t i o n  
rates f o r  T>5K i n  b o t h  A l ( C u )  and Al(Mg) are  c o n s i s t e n t  
w i t h  t e t r a h e d r a l  t r a p s .  I t  i s  i n t e r e s t i n g  t o  n o t e  
t h a t  A l ( A g )  which does  n o t  have  l a r g e  l o c a l  s t r a i n s  d o e s  
n o t  a p p e a r  t o  have  t h e s e  t r a p s .  T h e r e f o r e ,  t h e  e x i s t e n c e  
of t e t r a h e d r a l  t r a p p i n g  s i tes  t r a p s  are more l i k e l y  
t o  be  a s s o c i a t e d  w i t h  s t r a i n  e f f e c t s  t h a n  w i t h  v a l e n c e  
e f f e c t s .  
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